INTRODUCTION
The Falkland Islands lie in the South Atlantic Ocean at the western end of the Falkland Plateau, a rectilinear, relatively shallow water (<2500 m approximately) bathymetric feature that extends eastwards from the South American continental shelf (Fig. 1a) . Around the archipelago, Mesozoic (mid-Jurassic and later) sedimentary basins are currently the focus of offshore hydrocarbons exploration within the designated Falkland Islands Exploration Area (Fig. 1a) . The North Falkland Basin has seen the greatest activity with 22 commercial boreholes: 6 drilled in 1998 (Richards and Hillier, 2000a and b) , and 16 drilled in a single campaign from February 2010 until November 2011, encompassing five hydrocarbon discoveries: Liz -gas and gas condensate; Sea Lion -oil; Casper -gas and oil; Casper South -gas and oil; Beverley -gas (Fig. 2) . The Sea Lion discovery was subjected to extensive appraisal drilling during 2011. The basin is structurally isolated within the Falkland Plateau to the north of the islands and comprises a complex of graben and half-graben sub-basins trending broadly north-south (Richards and Hillier, 2000a and b) .
The Falkland Plateau Basin, with only three commercial boreholes to date (one in 2010 and two in 2012), lies to the south-east of the islands. A gas discovery (Loligo) was made during 2012 ( Fig. 2) but detailed results are still commercially sensitive.
The basin has a NE-SW-trending partially-faulted western margin and terminates eastward at the Maurice Ewing Bank, a bathymetric high some 750 km east of the Falkland Islands which was drilled by the Deep Sea Drilling Project (Barker & Dalziel 1976) .
To the west of the Falklands archipelago, the Malvinas Basin has been explored by about 20 commercial boreholes in Argentine waters and is linked with the Falkland Plateau Basin by the South Falkland Basin, a feature that trends east-west along the northern side of the Scotia -South America plate boundary, and plunges steeply to the south into the plate boundary fault zone: two wells, including a gas condensate discovery (Darwin), have been drilled in the South Falkland Basin during 2012 (Figure 2 ), but detailed results are still commercially sensitive and unavailable for publication. A regional overview of the offshore sedimentary basins surrounding the Falkland Islands is provided by Richards et al. (1996) .
Onshore, a clastic sedimentary sequence ranging in age from Siluro-Devonian to Permian makes up most of the Falkland Islands. Despite the proximity of the archipelago to South America, the regional geological association is with the Cape Province of South Africa, as has long been recognized (e.g. Andersson 1907; Halle 1911 ) and utilized by early proponents of continental drift (e.g. Baker 1924; Du Toit 1927 , 1937 . As in South Africa, the Falklands sedimentary succession is cut by numerous dolerite dykes. Until recently those in the Falklands were regarded as exclusively Jurassic (Mussett & Taylor 1994 ), but they are now known to be both Jurassic and Cretaceous in age (Stone et al. 2008) . Palaeomagnetic results from the Jurassic dykes (Taylor & Shaw 1989) have been taken to support the proposition that the Falkland Islands form part of a microplate that during the break-up of Gondwana was rotated through 180° from an original position adjacent to the east coast of South Africa (Adie 1952; Mitchell et al. 1986; Marshall 1994; Storey et al. 1999) . Stone et al. (2009) subsequently demonstrated that the differing asymmetries of the magnetic anomalies associated with the various onshore dyke swarms are compatible with a 120° rotation of the Islands sometime between 188 Ma and 121 Ma.
In their 1996 paper, Richards et al. drew attention to the apparent discrepancy between the Early Cretaceous ages deduced for sills and/or lava flows detected in seismic sections from the Falkland Plateau Basin, and the Early Jurassic ages then thought to apply to all of the onshore Mesozoic dykes. Recent results have resolved this dilemma. Evidence for Early Cretaceous dyke intrusion onshore was presented by Stone et al. (2008) and in this paper we present new Ar-Ar dating results from the Cretaceous dyke swarm in East Falkland that support a revision of its age range, from the Aptian (c. 121 Ma) age reported by Stone et al. (2008) , back to the ValanginianHauterivian (c. 135 Ma) . This has important implications for geological interpretations offshore, where the identification of Early Cretaceous sills and lava flows in seismic records is directly relevant to current hydrocarbons exploration.
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THE ONSHORE DYKE SWARMS
Key features of Falkland Islands onshore geology are shown in Fig. 1b and are more fully described by Aldiss & Edwards (1999) and Stone et al. (2005) . At the southern extremity of West Falkland, a small outcrop of Proterozoic crystalline basementCape Meredith Complex -has been dated at approximately 1100-1000 Ma (Jacobs et al., 1999) . The Proterozoic rocks are uncomformably overlain by a Siluro-Devonian to Carboniferous succession of clastic strata predominantly comprising quartzite, sandstone and mudstone. This succession is known as the West Falkland Group; it crops out over most of the western of the two main islands (ie, West Falkland) and is left unshaded in figure 1b. In the eastern of the two main islands -East Falkland -the West Falkland Group crops out in the north, whereas the south of East Falkland and its smaller peripheral islands are underlain by the tillite, mudstone and sandstone of the Carboniferous to Permian Lafonia Group, which is shaded grey in figure 1b.
Jurassic and Cretaceous dolerite dykes are particularly numerous in West Falkland (Fig. 1b) where at least 300, possibly as many as 400, were identified in an aerial photo-interpretation by Greenway (1972) . Distinct swarms are apparent and radiometric dates show an age range from Early Jurassic to Early Cretaceous.
The majority of the dykes are of Early Jurassic age. A swarm of broadly east-westtrending dykes (plagioclase-clinopyroxene-olivine dolerite) is concentrated in the southern part of West Falkland, with one component dyke providing an Ar-Ar date of 188±2 Ma (Mussett & Taylor 1994) . A swarm of NE-SW-trending dykes (plagioclase-clinopyroxene-orthopyroxene dolerite) is mostly represented in West
Falkland but a few of its component dykes occur in East Falkland: Ar-Ar dating has given a maximum age of 193±4 Ma from a dyke in West Falkland and 178.6±4.9 Ma from a dyke in East Falkland (Stone et al. 2008) ; two K-Ar dates of 176±7 and 162±6
Ma have been reported from the vicinity of Cape Meredith (Thistlewood et al. 1997) .
A K-Ar date of 192±10 Ma, also from the vicinity of Cape Meredith (Cingolani & Varela 1976) , cannot be confidently assigned to any particular swarm. In the extreme southwest part of West Falkland a more variable pattern of dyke intrusion (noted by Greenway (1972) as an area of overlap) has been separated out as a distinct Cape Orford swarm from which one dyke has given an Ar-Ar date of 190±4 Ma (Mussett & Taylor 1994) . The dykes for which Ar-Ar dates are available are located in Fig. 1c .
The recent discovery of Early Cretaceous dykes in the Falkland Islands has been described by Stone et al. (2008 Stone et al. ( & 2009 Cretaceous dykes are all composed of plagioclase-clinopyroxene-orthopyroxene dolerite with a distinctive glassy groundmass. They are markedly Fe-rich compared to the Jurassic dykes (Mitchell et al. 1999 : Stone et al. 2008 Publication).
The Teal Creek dyke is coincident with a north-south, reversed magnetic anomaly and is exposed intermittently along a 5 km, north-south linear zone. For at least part of this distance, one dolerite dyke about 15 m across is separated from a second, much thinner (>2 m across) dyke, by a narrow screen of country rock; two of the newly dated samples (PS711 and PS712) were collected at localities about 500 m apart on opposite sides of Teal Creek itself. The dyke proved in the Peat Banks borehole has provided the third of the dated samples reported in this paper (PS713); there is no surface exposure. From the nature of this dyke's aeromagnetic anomaly, which shows normal polarity, Stone et al. (2009) interpreted it as the local, shallow expression of a much deeper and larger, N-S intrusive body, the sampled section of the dyke having 6 risen close to the present-day ground surface close to its intersection with a NE-SW fracture that had previously accommodated a dyke of Early Jurassic-age.
MATERIALS AND METHODS
Ar-Ar dating of dolerite samples from the dykes at Teal Creek and Peat Banks was carried out at the New Mexico Geochronological Research Laboratory. Spectra were obtained both from plagioclase separates and from groundmass (i.e. whole rock samples selected to avoid phenocrysts), but in all cases are somewhat disturbed (Fig.   4 ). The plagioclase separates give climbing spectra and have lower integrated ages than the groundmass; argon loss, reflecting a reheating or alteration event seems the most likely explanation. However, the plagioclase spectrum from one sample (PS 711: Fig. 4a ) has a flat central portion that does meet plateau criteria and this gives a weighted mean age of 131±4 Ma (MSWD = 1.70). The groundmass spectra are less discordant, but all three drop significantly in age over the course of the analysis. The most likely cause of this decline is 39 Ar recoil during irradiation from K-rich to Kpoor phases. In cases of recoil redistribution such as this, the best estimate of the intrusion age is the integrated age (also known as the total gas age) calculated by combining the data from all steps. With the exception of the example cited above, isochron ages generally have very high MSWD values (probably due to 39 Ar recoil redistribution) and so cannot be regarded as reliable.
RESULTS
Integrated whole-rock ages for the three analysed samples are as follows: Although if taken individually and in isolation these results lack reliability and precision, all four agree within analytical error, which provides some level of confidence. Taken together they suggest dyke intrusion at around 135 Ma, during the Stone et al. (2008) is apparently of a reliable precision but does then question the homogeneity of the North-South oriented
Cretaceous dyke swarm, an issue that is also raised by the variation in polarity of the aeromagnetic anomalies associated with the dykes (illustrated in Stone et al. 2008, figure 1).
Across the early Cretaceous swarm, the eastern dykes show reversed magnetic polarity but the majority of those occurring farther west have normal polarity. Of the c. 135 Ma dykes, the one at Teal Creek is reversed whilst the one at Peat Banks is normal. The overlapping ages of these dykes suggests that magmatism lasted long enough to span a magnetic reversal, of which there were several at around that time.
The dated dyke at Pony's Pass Quarry has reversed polarity, though the 121 Ma age places it within the early part of the normal polarity Cretaceous super-chron, the socalled Cretaceous quiet zone. The closest established interval of reversed polarity is M0r, which is dated at 124-125 Ma using the timescale of Gradstein et al. (2004) .
MAGMATISM IN THE OFFSHORE BASINS
Evidence for magmatism in the offshore basins is so far limited to the Falkland Plateau Basin. Richards et al. (1996) described the geology of its then undrilled portions and identified a relatively thick (ca 2 km) succession of Jurassic to earliest
Cretaceous rocks, which they dated by tying seismically back to DSDP boreholes on the Maurice Ewing Bank, some 600 km east of the archipelago, and to commercial boreholes in the Malvinas Basin, some 45 Km or so to the west. Within this Jurassic to earliest Cretaceous section a series of high amplitude seismic reflectors were interpreted as sills and ascribed a probable early Cretaceous age. This age interpretation was made despite the evidence then available suggesting that only dykes of early Jurassic age were present onshore in the Falkland Islands. The interpretation was based on the offshore sills being intruded into Jurassic rocks and so of necessity being younger than their hosts. Richards et al. (1996) extended their argument to suggest that, conceivably, some of the onshore dykes may also prove to of early Cretaceous rather than early Jurassic age, and be genetically linked to the 8 opening of the South Atlantic, an inference that appears to have been prescient, given the Aptian (ca 121 Ma) onshore dyke age reported by Stone et al. (2008 Stone et al. ( , 2009 (Brown, 1967; Mitchell et al., 1999; Stone et al. 2008) . The offshore dolerites in well 61/5-1, like the onshore NE-SW Jurassic dykes, lack the distinctive glassy groundmass that comprises up to 25% of the Cretaceous dykes.
The succeeding Jurassic to Cretaceous and thin Cenozoic sedimentary fill of the basin above basement at the 61/5-1 location is interpreted as lying unconformably on the doleritic seismic basement penetrated at this locality. The only stratigraphic control on the age of the igneous basement is that it is overlain by an apparently Tithonian-aged section (based on the presence of Nannoconus globulus, N. globulus minor and
Zeugrhabdotus embergeri).
The Tithonian aged sedimentary rocks above the doleritic basement, coupled with the petrographic similarity to the onshore, Early Jurassic dykes, suggests that the basement rocks in this well may be of Early Jurassic age. Stone et al. (2009) suggested that the identification of Aptian age dykes onshore may necessitate a reassessment of Richards et al.'s (1996) conclusions regarding the Early 9
Cretaceous age of the sills in the Falkland Plateau Basin. However, the seismic amplitude anomalies reported as sills by Richards et al. (1996) can now be re-assessed utilizing a much more extensive network of commercial offshore seismic data than was available in 1996, coupled with the biostratigraphic dating of reflectors tied to well 61/5-1. These new data have enabled us to map out a much more widespread distribution of igneous rocks within the Jurassic to earliest Cretaceous section than was originally apparent. It is currently possible to demonstrate that the igneous rocks extend for almost 500 km in a NE-SW orientated zone, which is approximately 85 km wide and offset between 40 and 95 km to the east of the basin margin (Fig. 5a ) and occur within or very near the top of the Valanginian section (Fig. 5b) . Furthermore, the seismic character of the igneous rocks is now also recognized as quite complex. Richards et al. (1996) depicted the sills as potentially multi-layered and discrete bodies approximately 5 or 6 km long where identified in dip sections. From the more recent seismic data it is clear that, as well as forming typical sill-like patterns -i.e.
saucer-shaped, with steep limbs and both concordant and discordant attitudes to bedding (Hansen & Cartwright 2006 ) -the igneous rocks also exhibit seismic features more often associated with lava flows; most notable are a 'rubbly' seismic expression similar to that of lava flows described from, for example, the Faroe-Shetland Basin off the UK (Ritchie et al. 1999) , and a much more continuous nature than is characteristic of sills ( Fig. 5c and d) . It is therefore possible that at least some of the seismic anomalies identified offshore represent lava flows rather than sills.
If the seismic anomalies do represent lava flows, these are likely to have been erupted during the probable early sag phase of evolution of the basin, following PermoTriassic or Jurassic rifting (Richards et al. 1996) . Their stratigraphic position makes it more likely that they are Valanginian to possibly Hauteriavian aged features, similar in age to the new dyke dates we report from onshore, rather than to the Aptian dyke(s)
reported by Stone et al. (2008) . The suspected lavas occupy a stratigraphical position immediately interfingering with the lowest occurrence of the black, source-rockquality shales, identified by seismic reflection ties back to the DSDP boreholes on the Maurice Ewing Bank (Richards et al., 1996) . In DSDP boreholes 330 and 511 the black shales range in age from Oxfordian to Aptian, but the Berriasian-Hauterivian interval is revealed as one of uplift and erosion (Lorenzo & Mutter, 1988 Cretaceous (Fig. 5b ). These deltas were described by Richards et al. (2006) who ascribed them an Albian to Cenomania age, which has been borne out by biostratigrahic analyses of the 61/5-1 well, although an Aptian age has been ascribed to the oldest of the deltaic sequences in the well.
THE REGIONAL CONTEXT OF FALKLANDS MESOZOIC MAGMATISM
The fundamental cause of the magmatism in the Falkland Plateau Basin, and the uplift there and elsewhere, is not definitively understood, but one possibility was thought to be underplating of the Falkland Plateau Basin as a result of its development within the influence of the Karoo-Ferrar plume, as described by Kimbell & Richards (2008) . It is more likely that the Cretaceous dykes are related to regional stresses associated with South Atlantic opening and Gondwana fragmentation, and it seems logical that lava extrusion and/or sill intrusion offshore in the Valanginian-Hauterivian would be related to the same regional stress field. This regional stress system led to oceanic 11 development to the north of the Falkland Plateau, and to east-west directed extension in the North Falkland Basin (Richards & Hillier 2000a; Stone et al. 2009 ). It would also inevitably have led to both local footwall uplift and regional upwarping as the new South Atlantic Ocean formed, thereby providing a mechanism for the generation of the Valanginian unconformities observed in the basins surrounding the Falklands.
Furthermore, uplift of footwall and platform areas would have led to the creation of sand source areas available for erosion, with associated transport of sand into the surrounding sedimentary basins at various times (Fig. 6 ) providing potential reservoir targets in the offshore basins.
The Early Jurassic, c. 178 Ma Ar-Ar date from the NE-SW dyke at Port Sussex, East
Falkland (Stone et al. 2008) , and the slightly older ages reported from West Falkland (Mussett & Taylor 1994) and 121 Ma, must be related more to the early stages of Atlantic opening than to the initial break-up of Gondwana. The Falklands ages span the range obtained farther north from the Paraná-Etendeka flood basalts and associated dykes, which are now preserved on opposite sides of the South Atlantic (Fig. 7a) . Those rocks have generally been thought to have arisen between about 134 and 129 Ma and were emplaced as the fragmenting Gondwana drifted across the Tristan da Cunha hot spot (Turner et al. 1994; Renne et al. 1996; Peate 1997; Deckart et al. 1998 (Fig. 7b ) despite proposals (derived largely from onshore geology) that the region is an amalgamation of several rotated microplates (e.g. Marshall 1994; Storey et al. 1999; cf Adie 1952) . Alternative proposals (derived largely from offshore geology) account for the break-up of Gondwana without recourse to the mantle-plume-driven generation of rotated microplates (e.g. Eagles & Vaughan 2009 ). This apparent conflict between regional interpretations derived, respectively, from onshore and offshore data remains an obstacle to a full understanding of the tectonic history of the South Atlantic, though some recent reconstructions do attempt a reconciliation (eg. Torsvik et al. (2009, figure 12 ).
The Early Cretaecous development of the South Atlantic was accompanied by extensive magmatism that has been detected as seaward-dipping reflectors (and the associated 'G' magnetic anomaly) along the conjugate margins, and also by highvelocity zones at the base of the crust indicative of magmatic underplating (Gladczenko et al. 1997; Franke et al. 2007; Blaich et al. 2009 ). The geophysical evidence indicates along-margin variation in magmatic activity, with a distinct southward decrease in magmatism across both the Colorado transfer system on the Argentinian margin and the conjugate Hope transfer system on the South African margin (Franke et al. 2007; Blaich et al. 2009 ). In the latter area an early Cretaceous dyke swarm has been identified on the SW African margin in the Cape PeninsulaFalse Bay area (Day 1987; Reid 1990; Reid et al. 1991; Trumbull et al. 2007) . The
False Bay dykes (Fig. 7b) have yielded a K-Ar age of 132±6 Ma (Reid et al., 1991) , and a Ar-Ar plagioclase age of 131.3±1.3 Ma (Stewart et al. 1996) . Farther south, between the Colorado-Hope (CH) and Falkland-Agulhas(FA) fracture systems ( Fig.   7b ), evidence for limited volcanic activity comes from offset continuations of the Ganomaly in this segment on both margins (Rabinowitz & LaBreque 1979; Max et al. 1999) . The presence of these coeval, Early Cretaceous volcanic margins to the South Atlantic Ocean to the north of the Falkland Islands fits well with the evidence for a contemporary tectonic regime in the Falklands area that was conducive to dyke 13 intrusion. Further, the palaeogeographical reconstruction of Torsvik et al. (2009) suggests the initiation of sea-floor spreading within the CH to FA Atlantic segment during the Hauterivian at about 130Ma (op. cit. figure 12c) , at about the same time as, to the south, dyke intrusion in the Falklands Islands and sill/lava emplacement in the Falkland Plateau Basin (Fig. 7b) . 
CONCLUSIONS
